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Vesicle transfer processes in eukaryotes depend on specific proteins, which mediate the
selective packing of cargo molecules for subsequent release out of the cells after vesicle
fusion to the plasma membrane. The protein Tvp38 is conserved in yeasts and higher
eukaryotes and potentially involved in vesicle transfer processes at the Golgi membrane.
Members of the so-called “SNARE-associated proteins of the Tvp38-family” have also
been identified in prokaryotes and those belong to the DedA protein family. Tvp38/DedA
proteins are also conserved in cyanobacteria and chloroplasts. While only a single
member of this family appears to be present in chloroplasts, cyanobacterial genomes
typically encode multiple homologous proteins. Mainly based on our understanding of the
DedA-homologous proteins of Escherichia coli, it appears likely that the function of these
proteins in chloroplast and cyanobacteria involves stabilizing and organizing the structure
of internal membrane systems.
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Tvp38—A VESICLE-ASSOCIATED PROTEIN OF THE GOLGI
COMPARTMENT
Vesicle transfer processes are involved in diverse transport events
in eukaryotic cells, such as uptake of compounds into a cell
or protein secretion. Many factors, involved in vesicle forma-
tion and budding as well as in membrane fusion, have been
identified and characterized in the last decades and details of vesi-
cle transport mechanisms are understood on the molecular level
(Bonifacino and Glick, 2004; Foresti and Denecke, 2008). In the
secretory pathway, proteins are co-translationally synthesized into
the lumen of the endoplasmic reticulum (ER) and subsequently
transported in various vesicle transfer steps from the ER via the
Golgi apparatus to the plasma membrane. Vesicle transfer along
the secretory pathway depends on specific proteins, which medi-
ate the selective packing of cargo molecules for subsequent release
out of the cells after vesicle fusion to the plasmamembrane.While
some proteins are directly involved in membrane fusion, other
proteins are crucial for vesicle formation, cargo selection, vesi-
cle budding or for selective intracellular targeting and transport
of vesicles (Rothman and Wieland, 1996; Bonifacino and Glick,
2004).
In a proteomic analysis of a Saccharomyces cerevisiae Golgi
subcompartment membrane fraction, which was defined by the
vesicle-fusion protein Tlg2 (Abeliovich et al., 1998), several
membrane-associated proteins have been identified, including
the transmembrane protein Tvp38 (Tlg2-compartment vesicle
protein of 38 kDa) (Inadome et al., 2005). While Tvp38 is not
essential for growth of the yeast S. cerevisiae under labora-
tory conditions (Inadome et al., 2007), its co-localization with
other proteins involved in vesicular membrane trafficking sug-
gests an important function in membrane transport. In line with
this, homologs of Tvp38 are not only conserved in fungi but
also in higher eukaryotes, including humans (Inadome et al.,
2007) (Figure 1). Although the exact physiological role of Tvp38
remains elusive, a putative role in cargo selection was implicated
(Inadome et al., 2007).
VESICLE TRANSFER IN CHLOROPLASTS AND
CYANOBACTERIA
Intra-plastidial vesicular transfer processes have been discussed
for a long time, although the molecular mechanisms and proteins
potentially involved are mainly uncharacterized. Early electron
microscopy analyses already indicated a de novo formation of thy-
lakoid membranes, and the thylakoid membrane network is built
up by fusion of vesicular structures budding from the chloroplast
inner envelope membrane (von Wettstein, 2001; Vothknecht and
Westhoff, 2001). However, such a mechanism involves controlled
and aligned processes, including formation of inner envelope
vesicles, distinct packing of proteins and lipids as well as con-
trolled vesicle fusion. While similar steps are discussed in case of
the secretory pathway (Bonifacino and Glick, 2004), essentially
nothing is known about the molecular details in chloroplasts.
Formation of vesicular structures at the inner envelope mem-
brane has been observed under defined experimental conditions
(Westphal et al., 2001a), and a protein of about 30 kDa has
been discussed to be involved in this process. Consequently, the
protein has been named vesicle-inducing protein in plastids 1
(Vipp1) (Kroll et al., 2001). In fact, depletion of this protein
results in disturbed thylakoidmembrane formation inArabidopsis
thaliana (Kroll et al., 2001). A Vipp1-homolog is also conserved
in cyanobacteria, which share a common ancestor with chloro-
plasts, and depletion of Vipp1 results in disturbed thylakoid
membrane assembly also in cyanobacteria (Westphal et al., 2001b;
Fuhrmann et al., 2009; Gao and Xu, 2009). However, thus far
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FIGURE 1 | Evolutionary relationship between Tvp38-homologs. The
phylogenetic tree was generated using selected Tvp38/DedA-
homologs from different species using the Cobalt Constraint-based
Multiple Protein Alignment Tool (http://www.ncbi.nlm.nih.gov/tools/cobalt/
cobalt.cgi). To visualize relationships among the various
DedA-homologous proteins, an unrooted tree with unscaled branches
is shown. A rooted tree with scaled branches is given in the
supplementary figure S1.
vesicular structures have not been described in cyanobacteria, and
it appears likely that, in contrast to chloroplasts, thylakoid mem-
branes are not built de novo in cyanobacteria (Barthel et al., 2013).
Thus, the physiological function of Vipp1 might be different than
vesicle formation (Bultema et al., 2010; Vothknecht et al., 2012).
Furthermore, beside Vipp1, no proteins (eventually) involved in
membrane trafficking within chloroplasts or cyanobacteria have
been experimentally identified so far. However, bioinformatic
analyses identified several proteins in the predicted A. thaliana
proteome with homology to factors involved in vesicle trans-
port along the secretory pathway (Andersson and Sandelius, 2004;
Khan et al., 2013). Among others, a SNARE-associated protein
with homology to the Tvp38 has been identified, which con-
tains an N-terminal chloroplast targeting sequence, and thus the
protein is very likely localized within chloroplasts (Khan et al.,
2013).
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Tvp38-HOMOLOGS IN CHLOROPLASTS AND
CYANOBACTERIA
The so-called SNARE-associated proteins of the Tvp38-family
constitute a largely uncharacterized protein family. Results from
bioinformatic analyses indicate that a protein with similarities
to Tvp38 is conserved in plant chloroplasts (Khan et al., 2013)
(Figure 1), and indeed the protein from A. thaliana has already
been identified in an analysis of the A. thaliana chloroplasts pro-
teome (Zybailov et al., 2008). In contrast to chloroplasts, which
harbor only a single Tvp38-homolog, multiple Tvp38-homologs
are typically encoded in cyanobacterial genomes (Figure 1, Table
S1). Cyanobacteria share a common ancestor with chloroplasts of
higher plants or algae, and they represent popular and accessible
model systems to investigate physiological processes associated
with thylakoid membranes. In the genome of the thus far
best characterized cyanobacterium Synechocystis sp. PCC 6803
(hereafter Synechocystis), three genes encode SNARE-associated
Tvp38-homologs (Kaneko et al., 1996), which are classified as
members of the DedA protein family in bacteria (Liang et al.,
2010). The Synechocystis genes slr0232, slr0305 and slr0509, which
are all localized in distinct and separate gene loci, encode mem-
brane integral proteins with polypeptide lengths of 218, 209
and 205 amino acids (aa’s), respectively. For both, Slr0232 and
Slr0305, five transmembrane helices are predicted by the pro-
gram TMHMM (Sonnhammer et al., 1998), whereas Slr0509 has
only four predicted transmembrane helices (Figure 2). However,
a conserved domain of a canonical LeuT-fold is predicted by com-
putational methods for the bacterial Tvp38-homologous proteins
FIGURE 2 | Comparative alignment for chloroplast and cyanobacterial
Tvp38/DedA-homologs. In the multi-sequence alignment, selected parts
of the amino acid sequences of Slr0305, Slr0509, Slr0232 and the
chloroplast SNARE-associated protein At1g22850 of Arabidopsis thaliana
(Khan et al., 2013) are shown. Other amino acid sequences used in the
alignment are the Tvp38-protein of Saccharomyces cerevisiae (S288c)
(Inadome et al., 2007) and the best characterized prokaryotic
DedA-homologs YghB, YqjA, YdjX and YdjZ of E. coli (Doerrler et al.,
2013). The multi-sequence alignment was performed using CLUSTAL 2.1
(Larkin et al., 2007; Goujon et al., 2010). Prediction of transmembrane
segments (shown in gray) were conducted using TMHMM
(Sonnhammer et al., 1998). Conserved regions are highlighted in yellow
and marked with one dot = conserved; two dots = highly conserved
or with an asterisk = identical. The predicted, conserved loop regions
are highlighted in turquoise. Regions, which are, based on HMM-Logo
prediction, conserved in the Tvp38/DedA family (PF09335) (Punta et al.,
2012), are marked above the corresponding sequences as (F/YxxxR/K)
and (GxxxM/VxxxxF/Y).
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of the DedA protein family (Khafizov et al., 2010). Two repeats
of a domain of five transmembrane helices together form the
full LeuT-fold found in many functional transport proteins, such
as the bacterial homolog of sodium-dependent neurotransmitter
transporters (Yamashita et al., 2005). Thus, it appears to be likely
that also Slr0509 contains five transmembrane segments, not all
of them being predicted by computational methods.
Thus far, only Slr0232 has been identified in a proteomic
analysis of Synechocystis membrane integral proteins, and an
important function of this protein in stress-adaptive processes is
indicated (Qiao et al., 2013). Parts of a loop region in Slr0232
(aa’s 79–110) exhibit 37% sequence identity to a GTPase activa-
tor protein from A. thaliana (AT5G52580.1), which is involved in
assembly of the vesicle coat in the eukaryotic secretory system. As
the Synechocystis genome encodes multiple small G-proteins with
largely uncharacterized functions (Kaneko et al., 1996), Slr0232
might be involved in membrane organization together with a
small G-protein. The Synechocystis protein Slr0305 shows high
similarity to a predicted protein of A. thaliana (At5g19070.1),
which is annotated as a SNARE-associated Golgi protein. Thus,
this further links Slr0305 to membrane transport processes.
Slr0509 and Slr0232 are closely related proteins and share 29%
sequence identity. Therefore, these two proteins cluster together
in the phylogenetic tree (Figure 1). In contrast, Slr0305 appears
to be closer related to the Tvp38-homologs found in chloroplasts
(Figure 1). The single DedA-homologous protein of Borrelia
burgdorferi, which is essential for cell viability (Liang et al., 2010;
Doerrler et al., 2013), clusters together with the Synechocystis
proteins Slr0232 and Slr0509. These findings implicate an essen-
tial function of Tvp38/DedA-homologous proteins within this
branch. In fact, at least one Slr0232/Slr0509-homolog appears
to be conserved in cyanobacteria (Table S1), except in case of
the not well characterized Synechococcus strains JA-2-3Bá(2–13)
and JA-3-3Ab. As individual cyanobacterial strains contain only
a single protein with homology to Slr0232 or Slr0509 it appears
likely that the proteins Slr0232 and Slr0509 have overlapping and
redundant functions, whereas members of the Slr0305-defined
cyanobacterial branch might exhibit distinct physiological func-
tions. Multiple Slr0305-homologous proteins with potentially
overlapping functions were identified in several cyanobacteria
(Table S1), whereas only in case of the atypical cyanobacterium
Gloeobacter violaceus sp. PCC 7421, which completely lacks an
internal thylakoid membrane system, no Slr0305-homologous
protein has been predicted (Rippka et al., 1974). Noteworthy, the
cyanobacterial Tvp38/DedA homologs are located in two differ-
ent clusters in a phylogenetic tree (Figure 1), in line with earlier
observations (Boughner and Doerrler, 2012). The Synechocystis
proteins Slr0305 and Slr0232/Slr0509, respectively, are represen-
tatives of these two clusters. Slr0232 and Slr0509 cluster in close
proximity to the Escherichia coli YghB and YqjA proteins, which
are the so far best characterized proteins of the prokaryotic DedA
protein family (Doerrler et al., 2013). In contrast, Slr0305 of
Synechocystis clusters together with the E. coli YdjX and YdjZ
proteins. While these latter E. coli proteins are both clearly anno-
tated as members of the Tvp38 family, they might fulfill different
functions than the YqjA and YghB proteins of E. coli. In fact,
complementation studies, using the temperature-sensitive E. coli
mutant strain BC202 (see below), have shown that YdjX and YdjZ
were not capable of restoring an observed cell division defect, in
contrast to other putative DedA-homologous proteins of E. coli
(Boughner and Doerrler, 2012).
Members of the Tvp38/DedA protein family have a charac-
teristic region, which has been annotated as the DedA domain
in case of bacterial DedA-homologous proteins (Doerrler et al.,
2013). This region, which is preserved in all three Synechocystis
homologs as well as in the chloroplast SNARE-associated Golgi
protein Atlg22850 of A. thaliana, contains parts of the predicted
transmembrane segments (Figure 2, gray) and the encompassed
loop region (Figure 2, turquoise). A highly conserved glycine in
a predicted amphipathic region has been previously identified
as a prominent feature of the bacterial DedA family of Tvp38-
homologous proteins (Doerrler et al., 2013), and this glycine is
also conserved in the chloroplast and in cyanobacterial homologs.
However, this glycine appears to be part of a larger, conserved
sequence motif GxxxM/VxxxxF/Y (Figure 2), and in the Tvp38-
homologs of eukaryotes, bacteria, chloroplasts and cyanobacteria
a F/YxxxR/K motif appears to be conserved as well (Figure 2).
The exact function of the identifiedmotifs is elusive. Besides being
of direct functional importance, the conserved amino acids could
be involved in folding and stabilization of individual proteins or
higher oligomeric states, as dimerization of Tvp38/DedA proteins
has been discussed previously (Khafizov et al., 2010). However,
the function of the cyanobacterial and chloroplast Tvp38/DedA-
homologs is completely elusive, whereas members of this family
have been analyzed to some extent in other bacteria.
MEMBERS OF THE BACTERIAL DedA PROTEIN FAMILY OF
Tvp38-HOMOLOGOUS PROTEINS ARE INVOLVED IN
MEMBRANE ORGANIZATION
The bacterial and archaeal members of Tvp38-homologous pro-
teins are annotated as members of the DedA protein family
(Doerrler et al., 2013). The number of putative DedA-homologs
varies significantly between different species (Khafizov et al.,
2010; Liang et al., 2010; Doerrler et al., 2013). Deletion of the
single dedA gene bb0250 in Borrelia burgdorferi resulted in cell
death (Liang et al., 2010), and combined deletion of the eight
genes encoding putative DedA-homologs in E. coli revealed a
lethal growth defect (Boughner and Doerrler, 2012). Thus, while
multiple DedA-homologs might have redundant and overlapping
functions, the presence of at least one functional DedA protein
appears to be essential. This is an interesting observation, as pre-
vious studies indicated that the eukaryotic DedA-homolog Tvp38
is non-essential in yeast (Inadome et al., 2007). Thus, evolution
of more complex membrane targeting mechanisms in eukaryotes
may have resulted in a dispensable function of the DedA/Tvp38
proteins.
The function of prokaryotic DedA-homologs is clearly linked
to processes at the cytoplasmic membrane and/or biogenesis of
the whole cell envelope (Shi et al., 2004; Ledgham et al., 2005;
Sikdar and Doerrler, 2010; Sikdar et al., 2013). The E. coli DedA-
homologs YqjA and YghB are the best investigated members of
the DedA protein family so far (Thompkins et al., 2008; Liang
et al., 2010; Sikdar and Doerrler, 2010; Sikdar et al., 2013). The
temperature-sensitive E. coli strain BC202, in which the two genes
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yqjA and yghB are deleted, displays a cell division defect, which
is caused by the mislocalization of two periplasmic amidases
(Thompkins et al., 2008; Sikdar and Doerrler, 2010). Importantly,
these amidases are required for remodeling of the peptidogly-
can layer during growth (Ize et al., 2003) and were not efficiently
transported into the periplasm of the mutant strain BC202 via
the Twin arginine transport (Tat) pathway (Sikdar and Doerrler,
2010). The Tat-pathway specifically transports folded proteins
across the cytoplasmic membrane of bacteria and archaea as well
as across the chloroplast thylakoid membrane (Palmer and Berks,
2012). Furthermore, BC202 displays an altered membrane lipid
composition with decreased levels of the zwitterionic phospho-
lipid phosphatidylethanolamine (PE) and increased levels of the
acidic phospholipids phosphatidylglycerol (PG) and cardiolipin
(Thompkins et al., 2008; Liang et al., 2010). This indicates an
important role of the two DedA-homologs as to the membrane
architecture. Earlier studies, using E. coli mutant strains defec-
tive in synthesis of PE and anionic phospholipids, respectively,
revealed that lipid polymorphism is needed for an effective pro-
tein transport via the Tat-pathway, and thus the altered lipid
composition in E. coli BC202 will affect Tat-dependent transport
processes (Mikhaleva et al., 1999). Moreover, alterations of the
proton motive force (pmf ) were also observed in E. coli BC202
(Sikdar et al., 2013), and both, the altered phospholipid con-
tent and the disturbed pmf, might influence the function and
dynamics of the Tat-pathway. As there is no indication of YqjA
and/or YghB being directly involved in phospholipid synthesis,
deletion of the two encoding genes has most likely destabi-
lized the membrane, resulting in a decreased pmf and the need
for decreasing the level of the non-bilayer forming (membrane
destabilizing) phospholipid PE and increasing the level of the
bilayer-forming phospholipid PG. In line with the assumption
that the membrane integrity and/or organization is disturbed,
the psp (phage shock protein) response pathway is also acti-
vated in BC202 (Sikdar et al., 2013), which is well known to
control the expression of genes in response to diverse mem-
brane stress-inducing conditions (Darwin, 2005). Furthermore,
the Cpx-system was also highly activated in BC202 (Sikdar
et al., 2013), which also controls transcription of genes con-
trolling membrane integrity (Hunke et al., 2012; Raivio et al.,
2013). In fact, transcription of yqjA in E. coli is regulated by
the Cpx-signal transduction pathway (Yamamoto and Ishihama,
2006; Price and Raivio, 2009). Together, all these observations
support the assumption that the E. coli DedA proteins YqjA
and YghB are required for membrane stability, integrity and/or
organization.
PUTATIVE FUNCTIONS OF Tvp38/DedA PROTEINS IN
CHLOROPLASTS AND CYANOBACTERIA
The functions of Tvp38 in yeast and mammals as well as of the
homologous DedA proteins of bacteria and archaea are still not
well understood. The initial studies in yeast have indicated that
Tvp38 plays a role in vesicular trafficking along the secretory
pathway and might be involved in organizing vesicular structures
(Inadome et al., 2005, 2007). Most studies of the E. coliDedA pro-
teins have linked the proteins’ functions to the plasma membrane
(Doerrler et al., 2013). While some analyses could support the
idea that DedA proteins might be directly involved in transport
processes across the bacterial membrane (Ledgham et al., 2005;
Barabote et al., 2006; Sikdar et al., 2013), it currently appears
most likely that DedA proteins are involved in stabilization and/or
organization of the prokaryotic cytoplasmic membrane, and indi-
rectly affect other membrane-associated processes, such as solute
uptake or protein transport via the Tat-pathway (Sikdar and
Doerrler, 2010). Together, the function of all Tvp38/DedA pro-
teins is clearly linked to membrane-associated processes, and thus
we propose that also in chloroplasts and cyanobacteria the homol-
ogous proteins are involved in maintaining the integrity of the
internal membranes.
Involvement of the cyanobacterial and chloroplast pro-
teins in lipid and/or protein exchange between the inner
envelope/cytoplasmic membrane and the thylakoid membrane
appears likely, based on the early observations that Tvp38 is
involved in formation of vesicles in the late Golgi compart-
ment. Interestingly, the Tvp38/DedA-homolog PMM0308 of
Prochlorococcus marinusMED4 clusters together with the eukary-
otic Tvp38 proteins of the secretory pathway (Figure 1), sug-
gesting a physiological function similar to Tvp38. Moreover,
while all analyzed cyanobacterial species contained at least one
protein homologous to the Synechocystis Slr0305 protein, solely
in the genome of Gloeobacter violaceus PCC 7421 no homolo-
gous protein has been identified (Table S1). Gloeobacter is the
only cyanobacterium identified thus far, which does not have an
internal thylakoid membrane system (Rippka et al., 1974). This
observation might link the function of the Slr0305-homologous
proteins to thylakoid membranes. Either Slr0305-like proteins
might be directly involved in maintaining the stability and/or
architecture of thylakoid membranes or the proteins are involved
in transport processes from the inner envelope membrane in
chloroplasts or the cyanobacterial cytoplasmic membrane to
internal thylakoid membranes, respectively. Noteworthy, besides
the Tvp38-homologs, other proteins with homology to pro-
teins involved in exocytic vesicular trafficking have been iden-
tified to reside within chloroplasts (Andersson and Sandelius,
2004; Khan et al., 2013). Thus, a series of proteins, includ-
ing the here discussed Tvp38-homolog, might play a role in
initiation, assembly, budding/tethering of vesicles and/or mem-
brane fusion. Nevertheless, further experiments are required to
clearly classify the plant and cyanobacterial Tvp38/DedA pro-
teins, especially to understand their role in membrane integrity,
membrane transport and/or fusion. Analyzing the sub-cellular
membrane location of the Tvp38/DedA-homologs as well as
putative redundant and overlapping functions of the multi-
ple cyanobacterial proteins will be a first step to understand
their precise role in the biogenesis and/or integrity of thylakoid
membranes.
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